A Laboratory Directed Research and Development Program was conducted with the goal of developing a manufacturing capability for polycrystalline ceramic laser host materials. Polycrystalline transparent ceramics (e.i. Nd:YAG), fabricated by sintering of compacts of fine powder, have been recently shown to have optical properties equal to or better than traditional single crystals with advantages such as improved mechanical properties, increased range of composition and of sample size as well as lower cost. Two materials were studied in this program: Nd:YAG as a baseline material that has potential applications of interest to Sandia such as micro-lasers and graded structures, and Cr,Nd:GSGG whose radiation properties make it suitable for applications such as Direct Optical Initiation. Chemical precipitation synthesis techniques were developed for each material, based on adding metal nitrate solutions to a hydroxycarbonate precipitant solution, to produce nano-size powders with controlled and uniform stoichiometry that could be readily crystallized to the desired garnet phase. The crystalline powders were then milled ultrasonically and formed into compacts by vacuum filtration of aqueous particle suspensions that had uniform packing of the powder with minimal contamination and other defects. Sintering and uniaxial hot-pressing studies were than carried out on the powder compacts. Sintering studies on both powders showed that they commenced densification at ~1200 C and could reach nominally 100% of theoretical density after sintering at or below 1500 C for several hours. Sintering the Nd:YAG by heating directly to higher temperatures, >1650 C, produced transparent samples that contained large pores. Sintering studies showed that pore growth mechanisms were responsible for the presence of the large pores and a multi-stage sintering approach was used to avoid large pore formation. Although samples of Cr,Nd:GSGG were sintered essentially pore-free, they remained only translucent. Transparent samples, not of laser quality, were also produced of both materials by uniaxial hot-pressing. Even though the ultimate goal of laser quality transparent ceramics was not obtained, significant progress towards developing the entire fabrication process for such materials was made and the level of understanding achieved shows what direction to follow for further improvements in optical properties.
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Introduction
Optical engineering technology, such as direct optical initiation (DOI), is a key to future advanced firing/detonation systems. A critical component of the DOI firing set architecture is a solid-state laser that relies on a unique, radiation hard Nd-doped gadolinium scandium gallium garnet (Nd:GSGG) single crystal material. Presently, a sole-source supplier using an expensive, inherently problematic and unreliable Czochralski method grows the GSGG single crystals on an as-needed basis. Fabrication of single crystals of GSGG from the high-temperature melt involves numerous processing problems such as volatilization of gallium, inclusions of iridium particles from the crucible, a tendency toward spiral growth, crystal defects such as dislocations, poor control of the dopant levels, nonuniform distribution of dopants, boule cracking during cool-down, and so forth. 1 The ability to replace the GSGG single crystal with a transparent ceramic counterpart will not only eliminate these problems, it would provide many other cutting edge opportunities. In addition, the preparation of larger samples would be possible and the production of transparent GSGG in ceramic form would potentially be less costly since it is a lower temperature, shorter time process that would generate less rejected material. The primary goal of this work was to develop an in-house production capability to prepare Nd:GSGG in transparent ceramic form. Although to date no transparent, laser-quality ceramic GSGG has been reported, the Japanese company Konoshima has commercialized laser-quality ceramic Nd-doped yttrium aluminum garnet (Nd-YAG), a non radiation-hard laser host material, with optical, mechanical and thermal properties equal to or better than single crystals. 2 This material, produced in collaboration with Baikowski, is produced by sintering fine YAG powder. Because of the more extensive information available concerning transparent ceramic YAG and because Sandia has potential applications for this material in the area of micro-optics, for example, this project started with work on YAG in the first FY and then, in years two and three, focused on GSGG by building on the knowledge base developed from the work on YAG. Therefore, a brief review of the literature on both of these materials is given below.
Because of the scattering of light, most polycrystalline ceramic materials are opaque. Ceramics are made starting with powder compacts that have a high degree of porosity (~50%) that must be removed during the high temperature sintering process. Typically, it is the residual pores that may be either trapped inside grains or at grain boundaries that are the primary source of light scattering. In fact, to achieve scattering low enough for laser host applications the residual porosity must be in the 1 part per million range 3 , as compared to the 1 to 5 % porosity that normally remains after sintering technical ceramics. The difficulty in achieving this extremely low level of residual porosity has been the main challenge to producing laserquality transparent ceramics. Typically, sintering must be performed under vacuum, at least to the point where closed pores (~92% relative density), to avoid trapping gas in the pores since the trapped gas will compress as the pores shrink and exert a stress that stops further sintering. Other sources of light scattering in ceramics include second phase particles, birefringence and grain boundaries.
Yttrium aluminum garnet, Y 3 Al 5 O 12 , doped with various rare earth elements such as Nd, has been used in single crystal form as a laser host for many years. In fact, Nd:YAG is the dominant laser host material in industrial applications due to its superior properties. 3 However, the growth of large Nd:YAG crystals can take 40 days and because of defects, typically less than 25% of the grown crystal is usable. Also, the limited solubility of Nd (1%) in single crystals limits the absorption of the excitation light, limiting the efficiency. For these reasons, work began on fabricating ceramic Nd:YAG for laser applications in the mid-1990s. [4] [5] [6] The Al 2 O 3 -Y 2 O 3 phase diagram, showing the YAG compound, is shown in Figure 1a (note that other phase diagrams show the 1:1 phase as stable to room temperature). 7 As the diagram shows, YAG is a line compound meaning that no excess alumina or yttria is soluble in YAG. Therefore any deviation from the exact desired stoichiometry will result in the presence of a second phase which, as mentioned above, will result in unacceptable light scattering. YAG has a cubic crystal structure with a lattice parameter of 12.0089 Å and a theoretical density of 4.554 g/cm 3 . When doped with 1.1 at% Nd, which sits on the Y sites in the lattice, the lattice parameter increases to 12.0115 Å and the density to 4.565 g/cm 3 .
Ikesue et al. [4] [5] [6] were the first to report laser quality sintered Nd:YAG ceramics, using a mixed oxide approach. They mixed high-purity, sub-micrometer powders of the oxides with tetraethyl orthosilicate as a source of silica which served as a sintering aid. The mixture was ball-milled using high-purity alumina media in ethanol for 12 hr. This step undoubtedly introduced some additional alumina from the media which needed to be compensated for by adding enough excess yttria. The mixture was then spray dried, cold isostatically pressed and vacuum sintered between 1750˚ and 1800˚C for 20 hr. This process resulted in laser-quality material with ~50 m grain size. More recently, researchers at Konoshima (Konoshima Kagaku Kogyo, Osaka, Japan) and elsewhere have used coprecipitation to synthesize powders that were then processed to transparent YAG ceramics. In coprecipitation, a solution containing dissolved salts of the metals Al, Y and Nd is mixed with a precipitant solution that causes the metals to precipitate out as a fine precursor powder in which the metals are mixed on the atomic scale. The precursor must be filtered, dried and then calcined at 900˚ to1200˚C to form the desired cubic crystalline phase. Lu et al. 8, 9 ] first reported the fabrication of transparent Nd:YAG from coprecipitated powders made by the urea method, but still used SiO 2 as a sintering aid. Since then, reseachers at Konoshima 10,11 and Li et al. 12, 13 have used ammonium hydrogen carbonate as the precipitant and have succeeded in producing transparent YAG without sintering aid additives (at least in the work of Li et al.).
Gadolinium gallium garnet (GGG), Gd 3 Ga 5 O 12 , has the same cubic crystal structure as YAG, with the yttrium replaced by gadolinium and the aluminum by gallium. The phase diagram of the gadolinium oxide-gallium oxide system, shown in Figure 1b , indicates a congruent melting temperature of ~1740˚C and a small degree of solubility of excess Gd 2 O 3 in GGG.
14 As with YAG, the GGG laser host material must be doped with neodymium, typically 1.67% for single crystals (the polycrystalline concentration may be significantly different). Co-doping GGG with chromium (1.25 to 2.5%) improves the lasing performance. 15 The Cr 3+ ions absorb photons over a wider spectral range, and then they transfer this energy non-radiatively to the Nd 3+ ions. However, the addition of chromium to GGG causes defects in the crystals that lead to a deterioration in the optical quality. These defects do not occur when 40% of the gallium is replaced by scandium, yielding GSGG, Gd 3 Sc 2 Ga 3 O 12 , due to the lattice parameter increase provided by the scandium addition. (12. 583 Å compared to 12.376 Å). How the addition of scandium oxide affects the phase relations is not known as a ternary diagram has not been published. GSGG doped with Cr 3+ and Nd 3+ is a laser host material that is two to four times more efficient than Nd:YAG 16, 17 and, more importantly, it shows increased laser output immediately after exposure to radiation 18 , as opposed to Nd:YAG which darkens 19 .
In recent years, there have been several studies on the production of ceramic GGG. In one of the earliest studies, Hellstrom et al. 20 prepared ceramic GGG by solid state reaction of the oxides. More recently, coprecipitation has been used with either ammonium hydroxide [21] [22] or ammonium hydrogen carbonate
The goal of this LDRD program was to develop an in-house manufacturing capability for laser-quality ceramic Nd:YAG and Cr,Nd:GSGG. Our strategy was to first focus on Nd:YAG because there was more available literature on this material and because it is less complex than the Cr,Nd:GSGG (three metals instead of five). During the first year of the program, a baseline synthesis route to produce high-purity, nano-size precursor powders was developed for Nd,YAG, building on the previous studies mentioned above. The calcining, processing and sintering of this material were studied into year two, when work began on Cr,Nd:GSGG synthesis. In the final year, the baseline Cr,Nd:GSGG synthesis was established and the calcining, processing and sintering of this material was studied, building on what we learned from the processing of the Nd:YAG.
a. b. 
Experimental Procedure
Powder Synthesis: Nd:YAG Based on the literature review [10] [11] [12] and our own experience in developing solution routes to ceramic powders, the hydroxycarbonate and oxalate precipitation routes were chosen for initial investigation for the chemical precipitation of Nd:YAG. Initial results at the small batch-scale showed that the hydroxycarbonate route produced finer, more sinterable powders. Since there were no obvious advantages with regard to filterability for the oxalate-based system, as is often seen, the hydroxycarbonate route was chosen for further development.
A baseline solution synthesis process flow chart and a picture of the experimental setup used are shown in Figs. 2 and 3 , respectively. The reverse strike method was used in which the metal salt solution is added over several minutes to the precipitant solution. Ammonium carbonate was chosen as the precipitant instead of ammonium hydrogen carbonate because a higher purity source was found for it. Nitrates were used as the metal salts, since the nitrate anion is typically easier to completely remove than the chloride anion since the nitrates decompose thermally. The sources of the metals were purchased as either a high purity nitrate (Al) or oxide (Y, Nd), for those not available as high purity nitrates (see Table 1 ). The aluminum nitrate solution was made by simply dissolving the desired amount of Al(NO 3 ) (x H 2 O) salt in water in a beaker with slight heating on a hotplate and then, upon cooling, volumetrically diluting the solution to the desired concentration with water. To produce the yttrium nitrate solution, the Y 2 O 3 oxide powder was mixed with water and heated to boiling in a covered beaker with agitation (stir bar). The desired amount of concentrated nitric acid was cautiously and slowly added drop wise to the boiling slurry while stirring, taking care not to lose the boil (sputtering and splattering occurs with the addition of the acid). The beaker remained covered with a watch glass between additions to help maintain temperature. Upon complete dissolution of the powders, the solution was allowed to cool and quantitatively transferred to a volumetric flask. A similar procedure was used for the Nd, which was slightly easier to dissolve. Metal nitrate stock solutions were then mixed together in the desired ratio. The metal stoichiometry of this solution was that of the final complex oxide to be prepared, and was Y 2.967 Nd 0.033 Al 5 O 12 , except for several batches that were made with excess Al (see below).
The metal salts solution was filtered through a 0.2 m filter and was pumped using a peristaltic pump into a precipitation reaction vessel containing a similarly filtered ammonium carbonate precipitant solution. The metal salts solution was injected into the head of a high-speed shear mixer (IKA Ultra-Turrax T50, Janke and Kunkel, Staufen, Germany with S50-G45FF tool) to insure immediate and vigorous contact with the precipitant. Initial experiments investigated parameters that included the carbonate to metal ratio, final pH, precipitate aging, and precipitate washing. The results of these studies established a baseline of experimental parameters that reproducibly prepared phase pure Nd-doped YAG powders. Baseline parameters included a metals concentration of 0.5 M and an ammonium carbonate concentration of 0.8 M, for a carbonate to metals ratio of 1.8. For a standard batch that resulted in 50 g of oxide powder, 1.4 L of metal solution was added at 50 ml/min (for ~30 min) to 1.5 L of the ammonium carbonate precipitant solution. The pH of the reaction was monitored using a pH meter in the precipitant solution. The initial pH was ~9.0 and decreased to 6.2-6.5 once all the metals solution had been added. At this point, ammonium hydroxide (25%, 50 to 100g) was added to increase the pH back to ~9.0. The mixture was then aged for ~21 hr while moderately stirring with a paddle (~90 RPM), at which point its pH had risen slightly to ~9.2. The precipitated precursor powders were collected by vacuum filtration after the aging. The precursor powders were washed with water, ethanol and then acetone, without reslurrying between washes. The filter cake was then left under vacuum overnight. After drying at 50˚C for 2 hr, the powder was coarsely ground with a mortar and pestle before calcining between 900˚ and 1150˚C in air to decompose the precursor and to crystallize the garnet phase. The precursor powders were characterized using scanning electron microscopy (SEM) and simultaneous thermal gravimetric and differential thermal analyses (STA 409 PC, Netzsch, Selb, Germany). The calcined powders were analyzed using BET surface area measurement, x-ray diffraction (XRD) and SEM. A total of 26 batches of YAG powder were made although only 8 of them were 50 g in size made using the baseline process (batches 8, 11-15, and 24-26) . Of these, all were batched stoichiometrically except for batches 24 and 25 that had 5% excess Al and batch 26 that had 4.75% excess alumina. The reasons for these composition changes will be discussed below. Powder Synthesis: Cr,Nd:GSGG
The Cr,Nd:GSGG powder synthesis technique was similar to that used for the Nd:YAG powder and to literature reports 23 in that it involved adding a solution of metal nitrates to an ammonium carbonate precipitant solution. High purity metals nitrates were either used directly when available (Cr) or were synthesized from the metal oxides (Gd, Ga, Sc, and Nd). See Table 1 for more information. The chromium (III) nitrate was dissolved in water while the Nd solution was prepared as described above for the Nd:YAG. The procedure used for the Gd was similar to that used for the Y described above. In this case, if the dissolution was slightly incomplete (some turbidity) the solution was filtered and gravimetrically assayed. The Ga and Sc oxides were more difficult to dissolve, so a similar reflux process was used for both. The oxide powder/water/nitric acid slurries were reacted in a three neck round bottom flask equipped with a condenser. The acid to metal ratio was 3.3:1 with the Sc or Ga concentration during dissolution ranging from ~0.6 to ~1.6M. The mixture was heated to boiling and refluxed for several hours. Since complete dissolution was not achieved with either powder, the turbid solutions were filtered (0.2 m filter) and gravimetric assays performed.
The target composition for the Cr,Nd:GSGG powder was Gd 2.950 Nd 0.050 Sc 1.975 Cr 0.025 Ga 3 O 12 . The baseline process that yielded ~10 g of oxide powder will be described here. Results of variations to this baseline are discussed below. The metal nitrate solutions were mixed together in the desired ratios to give a total metals concentration of ~0.25 M. The precipitant solution (800 ml) contained 1.6 M (NH 4 ) 2 CO 3 that was adjusted in pH from ~8.8 to ~7.6 by adding concentrated nitric acid dropwise. This lowered the concentration to ~1.45 M. The metal nitrate solution (~330 ml) was added at ~6 ml/min to the stirred precipitant solution at room temperature and the final carbonate to metal ratio was 10:1. The pH of the reaction was monitored using a pH meter and was adjusted with concentrated nitric acid from 6.8-7.0, after the last of the metal nitrate solution was added (~50 min), to 6.5. The slurry was then aged for ~2 hr while keeping the pH constant at 6.5 by adding more concentrated nitric acid.
After the aging, the powder was collected by vacuum filtration using a medium frit filter. The filter cake was washed with degassed and purged deionized water and then with ethanol before drying at ~62˚C. The dried cake was then broken up with a mortar and pestle prior to calcination at 900˚ to 1000˚C. The precursor powders were characterized using scanning electron microscopy (SEM) and simultaneous thermal gravimetric and differential thermal analyses (STA 409 PC, Netzsch, Selb, Germany). The calcined powders were analyzed using BET surface area measurement, x-ray diffraction (XRD) and SEM.
The baseline process was initially developed on Nd:GGG without Sc and Cr. Once these were incorporated, a total of 22 batches were synthesized, not all of which were the standard 10g. One larger batch (26g, batch #9) was attempted by essentially scaling up the baseline synthesis using larger volumes. However, after calcination this powder was not single phase and was found to have a much larger (~1 m) particle size after ultrasonic milling, and was therefore not used. Batches 1 to 12 were synthesized by Org. 1816 with four being 9 g batches and the other batches had smaller size (except #9). All subsequent batches, all ~10 g, were synthesized by Org. 2454. Several changes in the composition were made in response to results on the stoichiometry of previous batches which will be discussed below. The target composition of all the batches is given in Table 2 . 
Powder Processing
Milling of YAG powders was initially attempted using either spex milling (YSZ jar and ball), ball milling (with either alumina of high-purity YSZ media) or attritor milling (YSZ media). Due to contamination from the media and also sample size concerns in the case of the spex mill, these processes were abandoned in favor of ultrasonication using a Misonix Sonicator 3000 (Misonix Inc., Farmingdale, NY). Sonication was also used for the GSGG powders. A sapphiretipped ultrasonic horn (0.5 inch diameter) was used to disperse the calcined powder in water. The use of the sapphire tip prevented the normal titanium contamination resulting from tip erosion. Clear plastic tape was used to cover the horn, except for the sapphire tip, to prevent contact of the slurry with the metal horn to further limit any contamination. For the YAG powders, a polyelectrolyte dispersant (ammonium salt of poly(acrylic) acid, Darvan 821, R.T. Vanderbilt Co., Norwalk, CT) was added at ~5 wt% concentration prior to sonication. For the GSGG powder, this dispersant was found to leach the Cr from the powder and so sorbitol, a polysaccharide, was used instead at a similar concentration. A typical procedure used for sonic milling was to mix ~10 g of powder with 30 ml of deionized water and 0.5 ml of the dispersant in a centrifuge tube or small glass bottle and then sonicate at power settings of 7, 8, 9 and 10 for two 1 min periods each. During sonication the mixture was stirred with a magnetic stirrer and the sonicator was pulsed, typically on for 10 sec and then off for 5 sec. Particle size measurements were performed on the powders in dilute aqueous suspension after sonication (CAPA 700, Horiba, Kyoto, Japan). In some cases, gravitational settling or slow centrifugation were used to remove larger (>1 m) particles from the slurries.
The dispersed powders were formed directly into compacts by vacuum filtration since this type of process produces a much more uniform microstructure than is typically achieved by pressing a dry powder. [24] [25] [26] [27] The slurries were vacuum cast to form compacts using 0.2 m filters (Nyaflo nylon membrane filters, Pall Corp., East Hills, NY) over the glass frit or metal mesh in the filtration funnels, which were either 0.62 or 1.38 inches in diameter. House vacuum was used and the inner surfaces of the funnels near where the compact formed were coated with a lubricant (Pam cooking spray; applied with a tissue) to prevent the compacts from sticking to the glass funnel walls and cracking during drying. Once the filtration was complete, the compacts were air-dried. During the drying, the compacts would pull away from the funnel walls due to drying shrinkage. The compacts were removed from the funnels to complete drying. Once dry, the compacts were cold isostatically pressed at 30 ksi.
Sintering and Hot Pressing
The compacts were then heated in air at 2˚C/min from 250˚C to 600˚C to pyrolize the dispersant. The shrinkage behavior during sintering of the parts of some compacts was measured using optical dilatometry during heating at 10˚C/min to 1450˚C. Several different furnaces were used to sinter samples including: 1.) a high-temperature, high-vacuum furnace (Model 414-20, Richard D. Brew and Company, Inc.), 2.) a small (0.5 inch ID) Pt-would tube furnace (Dupont TGA furnace) capable of 1500˚C with rough vacuum (~200 millitorr), 3.) a box furnace (Lindberg, Watertown, WI) capable of 1700˚C in air and 4.) a large tube furnace (2 inch ID, CTF 18, Carbolite, Hope Valley, England) capable of 1450˚C in vacuum (because of alumina tube collapse at higher temperatures) and 1800˚C in air. Furnace #1, the ideal furnace for sintering since it had high vacuum capability to high temperature, was damaged and not available for use during nearly all of the final year of the project. Samples were placed on either clean 99% alumina crucibles or Pt foil for sintering at <1550˚C and were surrounded by coarse powder of the same composition for higher temperature sintering. Samples were typically heated under vacuum for either the entire run (furnace #1) or for an initial schedule that resulted in only closed porosity (furnaces #2 and #4) before heating in air to higher temperatures. Some samples were uniaxially hot-pressed (Centorr, Nashua, NH) using graphite dies either 0.5 or 1 inch in diameter. The pressing was performed under a vacuum of ~20 millitorr. The applied pressure was 6 ksi. The heating rate was 10˚C/min and the soak temperature was typically 1450˚C for YAG and 1350˚C for GSGG. Disks of either Pt or Mo were placed between the sample and disks of Grafoil (0.05" thick, UCAR Carbon Co., Wilmington, DE) that contacted the plungers to prevent direct contact between the samples and graphite. For YAG either Pt or Mo could be used. For GSGG, Pt seemed to lead to cracking of the sample when the temperature was above 1250˚C so the Mo was used in these cases and did not lead to cracking. After hot-pressing, samples, especially those of GSGG were somewhat dark due to slight reduction or carbon contamination and so were annealed in air at ~1100˚C.
Sintered and hot-pressed samples were characterized using XRD and SEM. The density of samples was determined using the Archimedes method to an accuracy of ~ 0.005 g/cm 3 . Energy Dispersive X-Ray Spectroscopy (EDS) and Electron Microprobe were performed on sintered samples and hot-pressed samples. The uv-vis transmission spectra of some Cr,Nd:NGSGG samples were obtained using a spectrophotometer.
Results and Discussion
Powder Synthesis: Nd:YAG The baseline Nd:YAG synthesis procedure produced a precursor hydroxycarbonate powder that lost ~40% mass after drying (see Figure 4) , most of which occurred below 300˚C. After calcination at 1000˚C for 6 hrs, the powder crystallized to the garnet structure and was phase pure by powder XRD (see Figure 5 ). The BET surface area of the powder was ~31 m 2 /g, which corresponds to an equivalent spherical diameter of 110 nm. This was consistent with the SEM images (see Figure 6 ) that showed the powder to consist of somewhat irregularly-shaped ultimate particles ~100 nm in size that formed larger aggregates. These aggregates were broken apart by the ultrasonic milling to give typical average measured particle size in suspension of 0.4 m. Compacts of the calcined, ultrasonically milled Nd:YAG powder made by vacuum filtration were uniform and free of large pores or other defects, as shown in Figure 7 . After cold isostatic pressing, the compacts had a relative green density of ~42%, a fairly low value due to the fact that each particle was an aggregate of smaller particles. In addition to the Nd:YAG baseline synthesis conditions, a number of batches with modified synthesis conditions were produced. The results of these batches are mentioned for completeness even though they did not yield single phase YAG powder after calcination. In an early variation, the pH of the reaction was held constant at 9.0 during the precipitation reaction. This was accomplished by using a pH controller during the pumping of the metals solution such that when the pH fell below its desired set point, base was added. After calcination, the samples in which pH was controlled throughout the precipitation process were seen to contain large amounts of Y 2 O 3 and Al 2 Y 4 O 9 , along with the garnet phase. In another series of batches, a variety of parameters were modified. The ammonium carbonate concentration was increased to 1.6 M and the precipitant to metals ratio was 5.4. Stirring was used instead of shear mixing and the metal solution was added ten times slower (5 ml/min). The target pH was lowered from 9 to 8 and the washing procedure was modified. In one batch, alum (KAl(SO 4 ) 2 12H 2 O)) was used as the aluminum source. After calcination, all of these modified batches were not single phase, although in some cases, a single phase was achieved after heating to higher temperatures, (~1500˚C).
Powder Synthesis: Cr,Nd:GSGG
The importance of the pH during the Cr:Nd:GSGG synthesis procedure is shown in Figure 8-10 . Although the precursor powders produced at the 2 pH's had only slightly different thermal behavior during heating (Figure 8 ), their morphologies were quite different after calcination at 900˚C for 5 hr (Figure 9 ), with the lower pH producing much finer and more uniform powder. Both powders lost mass rapidly between ~100˚ and ~200˚C, accompanied by an endothermic reaction. The final mass loss was ~37% for the pH 7.8 powder, a few percent less than for the other powder. When the pH was 8.4, the powder after calcination was multi-phase whereas single phase powder was produced after calcination at 1000˚C for 10 hr when the pH was 7.8 (see Figure 10 ). The crystallization of the garnet phase from the baseline precursor powder (GSGG-6) was studied using in situ XRD with heating at 25˚C/min between 500˚ and 1000˚C, with a 10 min hold to take a spectrum every 25˚C. The data, shown in Figure 11 , indicate that the crystallization starts around 850˚C. Therefore, powders were calcined at 900˚ or 1000˚C, typically for 5 hr to ensure complete crystallization. In some cases, after calcination very minor peaks of other phases, typically Gd 2 O 3 or Sc 2 O 3 , were found in the XRD patterns of calcined powders but were not present after those powders were sintered. The BET surface area of the calcined baseline powder was ~26 m 2 /g, which corresponds to an equivalent spherical diameter of 87 nm. This was consistent with the SEM images (see Figure 12 ) that showed the powder to consist of particles <100 nm in size that formed larger aggregates. These aggregates were broken apart by the ultrasonic milling to give typical average measured particle size in suspension of ~0.3 m. Compacts of the calcined, ultrasonically milled powder made by vacuum filtration were uniform and free of large pores or other defects. After cold isostatic pressing, the compacts had a relative green density of ~52%. Figure 13 shows the shift in lattice parameter from 12.38 Å for a calcined GGG powder to 12.58 Å for a baseline GSGG powder. 
Nd:YAG Sintering
The densification behavior of the cold isostatically pressed, vacuum filtration compact of the calcined baseline Nd:YAG powder is shown in Figure 14 during heating at 10˚C/min in rough vacuum. The densification began around 1200˚C and a density of 90% was reached by 1450˚C, due to the small size of the particles. Initial samples were sintered in high vacuum in furnace #1 directly to high temperature, such as 1650˚C, and they were somewhat transparent as shown in Figure 15 . Examination of these samples in the SEM revealed that they contained numerous very large pores (~30 m diameter), as shown in Figure 16 . At first, it was thought that these pores were the result or either contamination or bubbles in the slurry, but further sintering studies indicated that they formed do to pore collision and growth. For example, when a compact was heated to 1500˚C for 6 hr (Figure 17 ), many smaller (~1 m) pores were present. Although much smaller than the pores found in the higher temperature sintered sample, they were still much larger than the size of the YAG grains (~0.5 m). Sintering theory predicts that when the dihedral angle is ~120˚ (see Figure 18 ), all pores larger than the grains will grow in size with continued sintering. In other words, more sintering will not decrease the porosity, only redistribute it into fewer, larger pores through mechanisms such as pore collision. One approach to eliminating large pores was by grain growth to increase the size of the YAG grains until they were larger than the pores. However, if the grain growth is too rapid, the pores can break away from the grain boundaries. Once this occurs, as in the sample shown in Figure  19 that was first sintered at 1500˚C for 4 hr and then heated to 1800˚C for 6 hr, further sintering will not be able to remove the pores inside the grains. Minimizing the size of the residual pores is a second approach. This was done by lowering the initial soak temperature. At a lower temperature, the densification rate is lower and relative rates of coarsening mechanisms, such as surface diffusion, are higher and these prevent pore growth resulting in residual pores smaller than the grain size. For example, Figure 20 shows a sample first heated to 1400˚C in vacuum for 1 hr and before heating to 1500˚C for 6 hr. Note that the pores are much smaller than in the sample in Fig x that was heated directly to 1500˚C for 6 hr. Using this two-stage sintering approach, samples with essentially theoretical density (to the accuracy of the Archimedes method) were produced (see Table 3 ). However, these samples were not transparent. 
Sintering Schedule
Final Density (g/cm 3 )
1425˚C for 1 hr (vac)
One reason that the high density sintered samples were not transparent was the presence of second phase particles. For example, Figure 21 shows that even though powder from a stoichiometric batch (#11) was single phase garnet by XRD after calcination, a second phase, YAlO 3 , was detected by XRD after high temperature sintering. The inset shows an optical micrograph of the large second phase inclusions. Because of the nearness in stoichiometry of the YAG and YAlO 3 , only a slight amount of excess Y can lead to a much larger amount of the YAlO 3 phase. It was for this reason that batches 24 to 26 were produced with excess Al. The amount of excess Al added was based on semi-quantitative XRD results. To try to confirm whether 5% excess Al was the required amount, this amount was added to some calcined YAG-12 powder using aluminum nitrate solution. After calcining and sintering, this material was single phase garnet by XRD. Therefore this amount, 5%, was used to make batches 24 and 25. Although single phase garnet by slow scan XRD after calcination, when compacts from the Al excess batches were sintered, they were found to have second phase alumina particles, both by XRD and by SEM (see Figure 22 ). The sample shown in the figure was of batch 25 (5% excess Al) that was sintered at 1400˚C for 1hr in rough vacuum then at 1650˚C for 2hr in air. As can be seen in the micrographs, porosity of the sample was quite low so that the alumina was most likely the main scattering source. Some experiments were then performed using powder from batch 25 to determine how much Y needed to be added to reach the desired stoichiometry. Yttrium was added to the powder using yttrium nitrate solution, drying and then recalcining the powder. Increments of 0.1% Y were used and the calcined powders were dry pressed and sintered. Optical microcopy on the samples indicated that the one with 1% Y added had YAlO 3 particles while the one with 0.9% did not (see Figure 23 ). When a sample with this same composition was made into a 1" diameter vacuum filtered compact and then uniaxially hotpressed at 1450˚C for 2 hr at 6 ksi pressure using Mo spacer disks, a relatively transparent sample was produced (see Figure 24 where the sample covers the left part of the text). The reason for the dark ring on the sample is not known. 
Cr,Nd:GSGG Sintering
The densification behavior of the baseline Cr,Nd:GSGG powder was quite similar to that of the Nd;YAG powder, although the green density was higher, ~52%, for the GSGG (see Figure 14) . Densification began around 1200˚C and density of ~90% of theoretical was reached by 1450˚C with 10˚C/min heating in vacuum. When compacts from the first 9 g batches of Cr,Nd:GSGG powder were sintered, they reached high density (see Table 4 .). They were green in color as expected due to the presence of Cr
3+
. In fact, the measured density was higher than the single crystal density for the desired composition (6.45 g/cm 3 ). A sample of GSGG-7 reached a density of 6.62 g/cm 3 after only 2 hr at 1425˚C. Resintering that sample at 1600˚C did not increase its density but a sample heated directly to 1600˚C for 6 hr in air reached a slightly higher density. The higher than theoretical density suggested that the stoichiometry of the material was slightly Gd-rich, since Gd is by far the heaviest element present. SEMs of a sintered GSGG-7 sample (Figure 25) showed the presence to second phase precipitates, consistent with the stoichiometry being off. Scandium-deficiency was also suspected in batches 6 and 7 since the filtrate from the powder synthesis, when dried and ashed, contained scandium oxide. Based on these results, the next three batches were synthesized with 2% deficiency in Gd. When a compact from batch 10 was sintered at 1425˚C for 2 hr in rough vacuum and then at 1575˚C for 30 minutes in air, a high density, essentially pore-free microstructure with fine grains (~0.5 m average) was obtained (see Figure 26) . However, the sample was not transparent, but somewhat translucent. Table 12 shows that the density of a sample from batch 12, also with 2% Gd deficiency, reached 6.11 g/cm 3 after 2 hr at 1450˚C in vacuum and increased to 6.48 g/cm 3 after 15 hrs at both 1450˚ and then 1500˚C in air. The density of this sample increased only to 6.49 g/cm 3 after an additional 15 hr at 1550˚C. These densities were still higher than the theoretical value. Figure 27 shows that, similar to what was found for the YAG materials, large pores formed when the sintering was done by heating directly to high temperature (1700˚C). A compact (0.5" die) of GSGG-10 was hot-pressed at 1250˚C for 75 min at 6 ksi using Pt spacers. After hot-pressing, the sample (~1 mm thick) was dark but slightly transparent in the central region and white and opaque in a region around the edge, several mm wide. This white region was later found by microprobe analysis to be devoid of Ga, due to vaporization in the low pO 2 atmosphere inside the hot-press. In air, the mass loss of GSGG samples was negligible up to 1650˚C. Annealing the sample in air at 1250˚C for 1 hr changed the interior to green but did not greatly increase the transparency, according to the uv-vis spectra, from 0% at 460 nm and below to ~15% at 850 nm. Adsorption bands were seen in the expected regions (~590 nm, ~750 nm and ~800 nm). The overall shape of the transmission spectra was typical of a material that still contained scattering centers of some type. When the sample was annealed at 1350˚C it became translucent. SEM examination revealed that grain growth had occurred but did not reveal any cause for the increased opacity (Figure 28 ).
a. b. Figure 28 . SEM images of a hot-pressed GSGG-10 sample after air annealing for 1 hr at a.) 1250 C and b.) 1350 C.
At this point, to further check the stoichiometry of the GSGG materials, quantitative microprobe analysis was performed (see Table 5 ). The first samples analyzed (Group 1) were a commercial single crystal (grown by Litton Corp., now part of Northrup Grumman, Baltimore, MD) and a sintered GSGG-10 sample. The composition found for the single crystal was close to the desired composition (shown in the first line of Table 5 ), but was slightly Ga-rich and Sc and Gd-poor. On the other hand, GSGG-10 was found to be quite low in Sc, with only 11.5% (as wt% oxide) detected as opposed to the desired 14.5%. The Gd content was also somewhat higher than desired. The Nd and Cr were also detected and found to be close to their targets. Also, samples were hot-pressed of GSGG-11 to which 3 wt% additional Sc 2 O 3 was added (by soaking the bisque-fired compact in a scandium nitrate solution) were found to be more transparent than the hot-pressed GSGG-10 sample, with the some transmission down to ~300 nm and increasing to ~40% at 800 nm. Based on these results, the target synthesis composition was once again changed to try to increase the Sc content and decrease that of the Gd (see Table 2 ). Also, batch 13 was prepared without Cr to see if the Cr was affecting the transparency of the samples.
When a sample of GSGG-13 was sintered at 1450˚C for 2 hr in rough vacuum and then at 1550˚C for 5 hr in air, a density of 6.37 g/cm 3 was reached, which is significantly below the theoretical value (Table 4) . However, when a compact of GSGG-13 was hot-pressed, it was relatively transparent (see Figure 29) . Also, sintered samples of both GSGG-13 and 14 were analyzed using microprobe, and were initially both found to be very close in composition to the single crystal and to the desired composition (see Table 5 , Group 2). Therefore, all the remaining batches, except for the last one (GSGG-22), were made using the composition of batch 14. When compacts from these batches were sintered, they reached only ~6.3 g/cm 3 after 2 hr in vacuum at 1500˚C, and minimal increase in density occurred with either heating longer at 1500˚C or heating to higher temperature (see Table 4 ). Again, the sintered compacts were translucent and green.
Other compacts from batches 13 to 21 were hot-pressed with variable degrees of transparency, but none were laser host quality. Typical densities were similar to those achieved by sintering, although a sample of GSGG-19 that was hot-pressed in a 1 inch die at 1350˚C for 2 hr reached a density of 6.45 g/cm 3 . Loss of Ga from the compacts during hot-pressing was decreased significantly by filling the gap (~1-2 mm) between the compact and the die wall with coarse GSGG powder prior to pressing. Samples pressed at 1300˚C or higher using Pt spacers tended to crack, sometimes into small pieces, but those with Mo spacers did not. No significant gain in transparency was achieved by increasing the hot-pressing temperature from 1250˚C to 1350˚C. At this point, a third group of samples were analyzed using microprobe (see Table 5 ). These included a GSGG-7 sample (synthesized with the initial target stoichiometry) that analysis showed was indeed quite low in Sc and rich in Gd, as was previously concluded. Also, another GSGG-10 sample was analyzed and the results matched the earlier GSGG-10 sample nearly identically. However, when another GSGG-14 was analyzed, it was found to be quite rich in Sc and Gd-deficient, as opposed to the earlier analysis that found the composition to be close to the target. A similar result was found for a hot-pressed GSGG-16 sample. Even though these powders were found to be single phase by XRD after calcination (see Figure 30 for GSGG-15) and even after hot-pressing (see Figure 31 for the same GSGG-16 sample that was analyzed by microprobe), Sc-rich regions were found to exist in some of them by SEM (see Figure 32 for an image of the same hot-pressed GSGG-16 sample). Because of these findings of excess Sc, the final batch, GSGG-22, was synthesized with a lower level of excess Sc (see Table 2 ). After both sintering up to 1625˚C and hot-pressing at 1350˚C, samples from this batch reached only 6.33 g/cm 3 and were no more transparent than previous materials. To summarize the sintering and hot-pressing of the GSGG materials, transparent materials were only produced by hot-pressing and these turned opaque with subsequent heating above ~1300˚C. The sintered materials were only translucent even though they reached similar densities to the hot-pressed materials and sintering them at higher temperatures or for longer times did not improve their transparency. The reason for this is uncertain. One possibility is that the sintered materials had slightly higher porosity (within the error of measurement) and/or larger pores than the hot-pressed materials that were somewhat transparent. If porosity is the source of the scattering, then hot-isostatically pressing the sintered materials could eliminate this porosity and make the samples transparent. Samples were submitted for HIP treatment but had not been received by the end of the program. Another possibility is that there is another source of scattering, possibly related to the grain boundary structure that forms at temperatures above 1300˚C. This would also explain why the hot-pressed materials turned opaque when annealed at high temperature. In conclusion, with improved stoichiometry control and improved processing, using clean room conditions to further eliminate contamination, high-quality transparent Cr,Nd:GSGG can be produced using the basic processing developed in this work along with hotpressing.
Conclusions
While the ultimate goal of producing laser quality transparent ceramic Nd:YAG and Cr,Nd:GSGG was not achieved, significant progress was made in all steps of the fabrication process for both materials. Chemical precipitation synthesis techniques were developed for precursor powders of both materials and were transferred to Org. 2454 for routine production. The stoichiometry control of up to 5 metal was demonstrated and the precursor powders produced uniform, easily crystallizable, nano-size garnet powders. The calcined crystalline garnet powders were able to be milled ultrasonically without introducing significant contamination and to be formed into uniformly packed compacts using colloidal techniques. The compacts of both materials were sintered to nearly full density at moderate temperatures (~1500˚C) to form translucent ceramics. Understanding of the sintering process allowed modification of the sintering conditions to avoid the formation of large or intergranular pores, that once formed cannot be removed. Control of stoichiometry to avoid second phase formation was problematic due in part to the difficulty detecting the second phases at low concentrations. Samples of both materials that were visually transparent were produced of both materials by hotpressing. With further refinement of the stoichiometry based on the knowledge gained in this work coupled with clean bench processing, high quality transparent hot-pressed should be readily produced with follow-on work. Production by pressureless sintering is also within reach for Nd:YAG although much less certain for the Cr,Nd:GSGG.
